. Mean (± SD) harmane concentration was 5.63 (± 6.63) ng/g; harmane concentration was highest in chicken (8.48 ± 9.86 ng/g) and lowest in beef steak (3.80 ± 3.6 ng/g). Harmane concentration was higher than that of the other HCAs and significantly correlated with PhIP concentration. Harmane concentration was associated with meat doneness in samples of cooked beef steak and hamburger, although the correlation between meat doneness and concentration was greater for PhIP than for harmane. Evidence indicates that harmane was detectable in nanograms per gram quantities in cooked meat (especially chicken) and, moreover, was more abundant than other HCAs. There was some correlation between meat doneness and harmane concentration, although this correlation was less robust than that observed for PhIP. Data such as these may be used to improve estimation of human dietary exposure to this neurotoxin.
The heterocyclic amines (HCAs), which have been identified in cooked foods (especially meats), exert a variety of adverse health effects and have been linked with human cancer risks . More than 20 HCAs have been identified in cooked foods (Felton et al., 2000; Skog, 2002) . Among these is harmane (1-methyl-9H-pyrido[3,4-b] indole), which is both a comutagen that enhances mutagenic activity of other compounds and a potent neurotoxin, producing tremors and psychiatric manifestations (Zetler et al., 1972; Sakai, 1995) . Although harmane is less well understood than many of the other HCAs, recent studies have demonstrated an association between blood concentrations of harmane and odds of essential tremor development (Louis et al., 2002 (Louis et al., , 2005 , the most common tremor disorder in humans (Louis et al., 1998) . Other studies demonstrated elevated concentrations of harmane in cerebrospinal fluid in patients with Parkinson's disease (Kuhn et al., 1996) . Given the neurotoxic effects of harmane, it is important to assess human exposure to/intake of this HCA.
In general, HCA concentrations increase with certain meat cooking practices (e.g., concentrations are correlated with duration of cooking and meat doneness) (Sinha et al., 1998) .
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Cooking under intense heat, frying, and especially grilling on an open flame have resulted in high levels of harmane and other HCAs (Pfau & Skog, 2004; Herraiz, 2000) . There are a number of studies examining harmane concentrations in cooked meat samples (Johansson et al., 1995; Chiu et al., 1998; Gross & Gruter, 1992; Gross et al., 1993; Skog et al., 1997 Skog et al., , 1998 Solyakov et al., 1999; Totsuka et al., 1999; Pias et al., 1999; Herraiz, 2000; Olsson et al., 2002) , although the number of meat samples in these studies was generally small and there are few data on the relationship between type of meat, meat doneness, and harmane concentrations. Hence, assessing dietary exposure to harmane is difficult. To address these issues, a study of HCA concentrations in meats prepared in residential settings was conducted. Our specific aims were to (1) quantify the concentration of harmane in different types (beef steak, hamburger, chicken) of barbecued/grilled meat samples, (2) compare its concentration to that of other more well-understood HCAs (PhIP, MeIQx, DiMeIQx, and IFP), and (3) examine the relationship between harmane concentration and the level of doneness. Our overarching goal was to improve estimation of dietary exposure to this neurotoxin.
METHODS

Meat Sample Collection
The Agricultural Health Study (AHS) cohort is a prospective health study of pesticide applicators and their families (Alavanja et al., 1996) . Participants responded that, more than once per month, they consumed barbecued/grilled meats that were either well done or very well done. Our interest in barbecued/grilled meats related to the observations that cooking under intense heat and especially grilling on an open flame can produce very high levels of harmane and other HCAs (Pfau & Skog, 2004; Herraiz, 2000) . Participants were sent a meat sampling kit, as described previously (Keating et al., 2000) . The sampling kit consisted of instructions on how to obtain the sample of barbecued/grilled meat, Zip-Loc plastic bags to store and ship the meat sample, and a disposable Kodak flash camera. Participants were also provided a questionnaire requesting information about how the meat was prepared and cooked as well as instructions to take photographs of the meat before cooking, after cooking, and after being cut in half after cooking. Meat samples were initially stored frozen by participants and then shipped on dry ice, with the corresponding camera, to Lawrence Livermore National Laboratory, where the samples were stored frozen until analysis (Keating et al., 2000) .
Meat Sample Analysis for HCA Concentrations
For the current study, 30 frozen meat samples (8 beef steak, 12 hamburger, and 10 chicken [6 skinless breasts, 2 legs [1 with skin], 1 wing with skin, 1 hindquarter with skin]) were homogenized at Lawrence Livermore National Laboratory and analyzed for concentrations (ng/g of cooked meat) of 4 HCAs:
The analyses and high-performance liquid chromatography (HPLC) system were described previously (Keating et al., 2000) . Aliquots (4.8-20.3 g) of the homogenized frozen meat samples were shipped to Purdue University, where they were further analyzed for concentrations (ng/g) of harmane. The method to quantify harmane in biological samples was described previously (Louis et al., 2002 (Louis et al., , 2005 Zheng et al., 2000) with some modifications for meat sample analysis. Briefly, triplicate samples of each frozen meat sample were prepared individually as follows: The removed samples were homogenized in a buffer (1:2-4, g:ml) containing 20 mM Tris, pH 7.5, 5 mM EGTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS] , and protease inhibitor cocktail (Calbiochem, San Diego, CA) on ice. After digestion with NaOH, the samples were centrifuged at 800 × g, followed by removal of top-layer fat tissues using a filter paper. The samples were then extracted with ethyl acetate and methyl t-butyl ether according to the established protocol (Zheng et al., 2000) . The method has the detection limit to measure 1 ng harmane per gram of meat tissue. The recovery from chicken samples relative to harmane in the buffer, which underwent the same extraction procedure, was 102.6%. A typical HPLC chromatogram is presented (Figure 1 ).
Assignment of Level of Doneness
Meat doneness is commonly used as an indicator of HCA content in grilled/barbequed meats. Although AHS participants indicated the level of doneness to which the meat samples were cooked, doneness assessment can be a subjective; hence, a more objective measure of meat doneness was developed to classify samples. For each of the 30 meat samples, doneness was assessed using the participant's Kodak color photographs of the sample (Keating et al., 2000 (Keating et al., 2000) .
Statistical Analyses
All analyses were performed in SPSS (Version 13.0). The criterion for significance was set at p < .05. Concentrations of HCAs were not normally distributed and therefore, values were logtransformed. Paired t-tests were used to compare log harmane concentration with log concentrations of PhIP, MeIQx, DiMeIQx, or IFP. In one analysis, the concentration of harmane was compared to the combined concentration of PhIP, MeIQx, DiMeIQx, and IFP (the sum of these four was referred to as the "total HCA concentration"). Pearson's correlation coefficients (R) were used to compare log harmane concentrations with log concentrations of other HCAs. For some analyses, meat doneness was treated as a continuous variable and in others, meat doneness (range = 1-3) was stratified into tertiles (lowest meat doneness tertile = 1.0-1.78 [mean meat doneness = 1.4], middle = 1.79-2.25 [mean = 2.0], and highest tertile = 2.26-3.0 [mean = 2.8]), and the association between tertile (independent variable) and HCA concentration (dependent variable) was assessed in linear regression analyses.
A sample size of 30 meat samples was chosen to allow us to assess approximately 10 samples (with a range of doneness) from each of the 3 meat types; this sample size of 30 was larger than that of most other previous studies of meat concentration of harmane (Gross & Gruter, 1992; Gross et al., 1993; Skog et al., 1997 Skog et al., , 1998 Solyakov et al., 1999; Totsuka et al., 1999; Herraiz, 2000) , which generally used 10 or fewer meat samples.
RESULTS
The mean (± SD) harmane concentration (n = 30, all meats) was 5.63 (± 6.63) ng/g in cooked meat (range = 1.06-28.05 ng/g) ( Table 1) . Harmane concentration was highest in chicken (8.48 ± 9.86 ng/g) and lowest in beef steak (3.8 ± 3.66 ng/g) ( Table 1 ). The concentration of harmane was higher than that of the other four HCAs; this was followed by the concentration of PhIP (e.g., in Table 1 , in four paired t-tests, log harmane concentration was higher than that of each of the other four HCAs in the "All Meats" category). Log harmane concentration was significantly correlated with log total HCA concentration (i.e., PhIP + MeIQx + DiMeIQx + IFP) in beef steak (r = .73) and hamburger (r = .63) but not in chicken (r = .20) (not shown in Table 2 ). Log harmane concentration was most markedly correlated with log PhIP concentration (for All Meats, r = .44, Table 2 and Figure 2 ) and, in terms of meat types, most significantly correlated with the concentrations of other HCAs in beef and hamburger (Table 2) .
Harmane concentration was associated with meat doneness in samples of cooked beef steak and hamburger, although the correlation between meat doneness and concentration was greater for PhIP than for harmane (Table 3 ). The correlation (R) between doneness and log harmane concentration was not significant; after excluding the samples of chicken, there was significance (r = .48) (not shown in Table 3 ). Note. Values are mean ± SD (range). Log harmane concentration was compared by paired t tests with log PhIP, log MeIQx, log DeMeIQx, and log IFP concentrations (in 'All Meats' category), and all p ≤ .001.
a For chicken, mean harmane concentration (ng/g) in 6 skinless breasts = 9.8 ± 11.6, 2 legs (1 with skin) = 2.4 ± 1.7, 1 wing (with skin) = 17.8 and 1 hindquarter (with skin) = 3.7.
DISCUSSION
Harmane is a potent neurotoxin, linked in several studies with essential tremor and Parkinson's disease (Kuhn et al, 1996 , Louis et al., 2002 , 2005 . As with other HCAs, a major dietary source of harmane is cooked protein-rich foods, with the quantity of these HCAs varying by meat type and meat cooking practices. Once ingested, harmane is distributed among bodily tissues, with the oral bioavailability in rats estimated to be 19% (Guan et al., 2001 ) and an increase in serum levels 5 min after the start of a meal (Pfau & Skog, 2004) . Estimates of exogenous intake (as high as 1 μg/kg/d) greatly exceed estimates of endogenous harmane formation (20 ng/d), suggesting that exogenous intake is the more important of the two sources (Pfau & Skog, 2004) . Hence, it is of great importance to quantify the amounts of harmane in different cooked meats.
Harmane was detectable in our residentially-prepared meat samples in nanograms per gram quantities (range = 1.06-28.05 ng/g). Such nanograms per gram concentrations of harmane in various meats were also reported by previous investigators (Johansson et al., 1995; Herraiz, 2000; Olsson et al., 2002) . In our study, the harmane concentration was on average highest in chicken and lowest in beef steak; one other investigator suggested that the concentration of Note. Meat doneness score (range = 1-3) was stratified into tertiles: lowest meat doneness tertile = 1.0-1.78 (mean doneness = 1.4), middle = 1.79-2.25 (mean = 2.0), and highest tertile = 2.26-3.0 (mean = 2.8), and the association between tertile (independent variable) and HCA concentration (dependent variable) was assessed in linear regression analyses.
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harmane might be higher in chicken than beef (Pais et al., 1999) , although further studies are needed to assess this finding.
One of our goals was compare the concentration of harmane with that of other more well-understood HCAs in order to gain an appreciation of their relative burden in cooked meats. Although the other HCAs studied (PhIP, MeIQx, DiMeIQx, IFP) are known carcinogens rather than neurotoxins (i.e., their adverse health effects differ), it is nevertheless important to establish their relative concentrations so as to obtain a broad understanding of the quantities of the various HCA toxin/carcinogens in cooked meats. Data showed that the concentration of harmane was higher than that of the other measured HCAs, including PhIP. These data may be compared to those from several previous studies. Skog et al. (1997) reported that harmane was detected in the largest number of cooked meat samples (14 of 16 samples) and in concentrations that were higher than those of other HCAs. In a second study (Skog et al., 1998) , harmane and norharmane were detected at levels up to 200 ng/g in all analyzed meat samples; concentrations were uniformly higher than those of other HCAs. In a study of process flavors made of meat products (Solyakov et al., 1999) , harmane and norharmane were the most abundant HCA found in the samples. Solyakov and Skog (2002) demonstrated that the concentrations of harmane and norharmane were higher than those of PhIP and other HCAs in cooked chicken products, and Olsson et al. (2002) demonstrated that harmane concentrations exceeded those of PhIP in fried pork samples. In sum, these data and our own suggest that humans are exposed in daily life to harmane to a larger extent than to many other HCAs, making harmane a particularly abundant HCA. This abundance, along with its activities as both a comutagen and potent neurotoxin, make harmane an important HCA.
Harmane was detectable in our residentially-prepared meat samples in nanograms per gram quantities. Some investigators have estimated total dietary intake of harmane from all sources to be on the order of 1 μg/kg per day (Pfau & Skog, 2004) . While 22.2 mg/kg of subcutaneously administered harmane is needed to acutely produce tremor in mice (Zetler et al., 1972) , the tremor-producing potential of chronic, daily lower levels of exposure (as in the human diet) is not known.
Harmane concentrations were correlated with those of another HCA, PhIP. Because of its role as a mutagenic HCA, a substantially larger literature is available for PhIP than for harmane. Several other investigators have found such correlations, with correlation coefficients (R) ≥.90 (Gross & Gruter, 1992; Gross et al., 1993; Chiu et al., 1998) . These data suggest that estimates of dietary PhIP intake, which may be more widely available than those of harmane, may be used to infer information on dietary harmane intake.
Harmane concentration was correlated with meat doneness in samples of cooked beef steak and hamburger but not in samples of chicken. The correlation between meat doneness and concentration was greater for PhIP than harmane. Previous studies suggested that PhIP concentrations are particularly dependent on cooking temperatures ).
In the current study, harmane concentrations were assessed in cooked meats. While cooked meats are an important source of dietary harmane, they are not the only source and there are other important sources as well. For example, harmane is present in high concentrations (e.g., 5.06-814 ng/g) in coffee and cigarette smoke (Herraiz, 2004) , and very high amounts of harmane are found in vinegar, soy sauce, cocoa, cheese and tomato ketchup (Pfau & Skog, 2004) .
This study was not without imitations. First, the sample size, while allowing us to detect harmane and its correlations with other HCAs in these meat samples, was not optimal for fully assessing the associations between meat doneness and harmane concentrations. Despite this limitation, the number of meat samples analyzed in the current study was significantly larger than that analyzed in numerous other studies (Gross & Gruter, 1992; Gross et al., 1993; Skog et al., 1997 Skog et al., , 1998 Solyakov et al., 1999; Totsuka et al., 1999; Herraiz, 2000) . Second, we did not analyze norharmane concentrations; while norhamane is present in food in higher concentrations than harmane (Pfau & Skog, 2004) , its tremor-producing potential is less well documented than that of harmane (Zetler et al., 1972) . Third, while a worthwhile goal would be to provide data on the concentration of harmane in the meats prior to cooking, the goal of this research was to study dietary (i.e., postcooking) sources of harmane. A strength of the study was the analysis of several different meat types and the presentation of doneness data.
Given the adverse health effects of harmane, it is important to assess human intake of this HCA. Few studies have quantified harmane concentrations in cooked meat samples and assessed its relationship with meat doneness. Harmane was present in nanograms per gram quantities in cooked meat (especially chicken) and was more abundant than other HCAs, including PhIP. There was some correlation between meat doneness and harmane concentration, although this correlation was less robust than that observed for PhIP. Better understanding of the meat properties and cooking conditions that lead to the formation of HCAs is needed to evaluate the occurrence of these compounds in the diet. It is hoped that these types of data, along with others, will help to improve our ability to estimate dietary exposure to harmane.
